1-(3-methyl-4H-1,4-benzothiazin-2-yl)ethanone (1,4-BT) was synthesised via a new mechanism. 1,4-BT was thereafter tested as corrosion inhibitor of mild steel in hydrochloric solution at 293 K by weight loss measurements and electrochemical techniques (potentiodynamic polarisation, polarisation resistance, impedance spectroscopy (EIS)). Inhibiting efficiency (E%) increased with concentration and reached highest values up to 98% even at low concentration with changing the mechanism of the corrosion process. Results obtained showed that the inhibitor studied was an efficient inhibitor, especially in cathodic domain. The temperature effect on the corrosion behaviour of mild steel in 1 M HCl with and without 1,4-BT at 5 10 -3 M was studied in the temperature range from 293 to 333 K. E% remains the same even at high temperature. The adsorption free energy and activation parameters for the mild steel dissolution reaction, in the presence of 1,4-BT, were determined. 1,4-BT is adsorbed on the mild steel surface according to a Langmuir isotherm adsorption model.
Introduction
The widespread use of mild steel in many industries is well-recognised. As a result of its industrial concern, attention has been paid to prevent this metal against corrosion in different media. The applications of mineral acids as aggressive solutions are numerous. The most important areas of application are acid pickling, oil well acidizing, acid cleaning and acid descaling, etc. Because of the general aggressiveness of acids, inhibitors are often used to control attack of acid environment and to reduce the overall corrosion current density. The inhibition effectiveness might be due to the formation of thin layers of metalinhibitor complexes as Trabanelli and his co-workers reported [1] . Generally, the diminution of the corrosion rate is a result of adsorption which makes, in acidic media, an effective blocking of the active sites of metal dissolution and/or hydrogen evolution. The adsorption requires the existence of attractive forces between the adsorbate and the metal. The principal types of interaction between an organic inhibitor and metal surface are physisorption, chemisorption or both of them. The adsorption of inhibitor is influenced by the nature and surface charge of the metal, the type of aggressive electrolyte, temperature and the chemical structure of the inhibitor. Indeed, specific interaction between functional groups and the metal surface and heteroatoms like nitrogen, oxygen, sulphur and phosphorus play an important role in the inhibition process due to the free electron pairs they possess [2] . Compounds that contain π-bonds generally exhibit good inhibitive properties by supplying electrons via the π orbital. When both of these features combine, enhanced inhibition can be observed. Several amines [3] [4] [5] , aminothiols [6] [7] [8] , thio-compounds [9] [10] [11] [12] , triazole [13] [14] [15] [16] , tetrazole [17] [18] [19] , imidazole [20] [21] [22] , thiazoles [23] [24] , phosphonate [25] and surfactants [26, 27] exhibit good inhibitory effect in hydrochloric acid. Notwithstanding several structural similarities with some of the above mentioned compounds, the derivatives of benzothiazine have not been studied, in our knowledge, as steel corrosion inhibitors. The present study was undertaken to investigate the mild steel corrosion inhibition in molar hydrochloric acid by 1-(3-methyl-4H-1,4-benzothiazin-2-yl)ethanone (denoted hereafter 1,4-BT). The study was conducted by weight loss, polarisation and impedance methods. The thermodynamic parameters of 1,4-BT molecule adsorption onto mild steel were determined and the nature of inhibitor adsorption process was also studied and discussed.
Experimental procedure Synthesis and characterization of 1,4-benzothiazine compound 1,4-BT has already been synthesized as reported elsewhere [28] with a mixture of 2-aminobenzenethiol and hydrazine hydrate which was heated to 100 °C for 2-3 minutes before introducing the 1,3-dicarbonyl. In the present work, the same compound 1,4-BT was obtained via a facile synthesis as illustrated in Scheme 1. The compound 1-(3-methyl-4H-1,4-benzothiazin-2-yl)ethanone (3 ≡ 1,4-BT) was prepared by direct condensation of 2-aminothiophenol 5g (40 mmol) with penta-2,4-dione 2g (20 mmol) in boiling ethanol as solvent, during four hours. After crystallization in ethanol, we obtained simultaneously a red crystal of 3 (5g, 60%) and trace of a yellow crystal 4 which were easily separated. 
Gravimetric, steady-state and EIS measurements
Prior to all measurements, the mild steel samples (0.03% P, 0.4% Mn, 0.08% C, 0.03% S and balance iron) were mechanically polished on wet SiC paper successively from 400 to 1200 grade. The specimens were washed thoroughly with bi-distilled water, decreased ultrasonically in ethanol and finally dried with acetone at room temperature before being immersed in the acid solution. The aggressive medium (1 M HCl) was prepared by dilution of analytical grade 37% HCl, and appropriate concentrations of 1,4-BT were obtained with doubly distilled water addition. Gravimetric experiments were carried out in double-walled glass cell. The solution volume was 100 mL. The mild steel specimens used had rectangular form (1 cm × 5 cm × 0.08 cm). The immersion time for the weight loss was 24 h at 293 ± 1 K. After the corrosion test, the specimens were carefully washed in double distilled water, dried and then weighted. The rinse removed loose segments of corroded samples film. Triplicate experiments were performed in each case, and the mean value of the weight loss is reported. Weight loss allowed us to calculate the mean corrosion rate as expressed in mg cm -2 h -1 . Electrochemical measurements were investigated in a conventional threeelectrode electrolysis cylindrical Pyrex glass cell equipped with thermostatcooling condenser. The working electrode (WE), in the form of a disc cut from steel, had a geometrical area of 1 cm 2 and was embedded in polytetrafluoroethylene (PTFE) to avoid any infiltration of electrolyte. A saturated calomel electrode (SCE) and platinum electrode were used as reference and auxiliary electrode, respectively. The temperature was thermostatically controlled at 293 K. The polarisation curves were recorded with a digital potentiostat type Voltalab PGZ 100 and controlled with analysis software (Voltamaster 4), at scan rate of 1 mV s -1 . The mild steel electrode was maintained at open circuit conditions (corrosion potential, E corr ) for 30 min and thereafter pre-polarized at -800 mV for 10 min. After this scan, the potential was swept to anodic potentials. The electrochemical impedance spectroscopy (EIS) measurements were performed using a transfer function analyser (Voltalab PGZ 100), with a small amplitude a.c. signal (10 mV rms) over a frequency domain from 100 kHz to 10 mHz at 293 K with 5 points per decade. Computer programs automatically controlled the measurements performed at rest potentials after 30 min of immersion at E corr . The impedance diagrams were given in the Nyquist representation. In order to ensure reproducibility, all experiments were repeated three times. The evaluated accuracy was within 10%.
Results and discussion

Weight loss tests
Gravimetric measurements of mild steel were investigated in 1 M HCl in the presence and absence of various concentrations of 1,4-BT during 24 h of immersion period at 293 K. The mass loss is determined after removing the corrosion products from the metal solution in accordance to the ASTM G1-67. The values of the corrosion rate (W corr ) and inhibiting efficiency (E W %) are given in Table 1 . E W % was estimated by the following relation (1):
W corr and W corr/inh are the corrosion rate of steel without and with inhibitor, respectively. Table 1 . Gravimetric results of the mild steel corrosion with and without addition of 1,4-BT molecule studied at 293 K after 24 h of immersion in 1 M HCl. The protective properties of such compound are probably due to the interaction of π electrons of thiazine and phenyl rings as well as the presence of electron donor groups (S, N and O) through which the ability is easy to form bonds with transition metals such as mild steel. The sulphur atom provides a high electron density and it was found that E% increases with electron density [7] . Indeed, Chetouani et al. [29, 30] have reported the importance of sulphur atom in the drastic change of adsorption mechanism. Furthermore, Brandt et al. [31] reported that the sulphur atom represents the active centre of aliphatic sulphides in their interaction with the metal surface.
Current-voltage characteristics
Curves obtained in the presence and absence of 1,4-BT inhibitor, after prepolarizing the electrode at its E corr for 30 min, are shown in Fig. 1 . The potential was swept stepwise from the most cathodic potential to the anodic direction. This avoided electrolyte pollution by dissolved iron. The currentpotential plots recorded in the vicinity of E corr give the corresponding polarisation resistance, R P , of mild steel in 1 M HCl in the presence of various concentrations of 1,4-BT. Table 2 exemplifies the values of the associated electrochemical parameters (corrosion potentials (E corr ) , cathodic Tafel slopes (β c ), corrosion current densities (i corr ), polarisation resistances (R P ) and inhibiting efficiencies (E I % and
The following relations (2 and 3) determine E I % and % E P R , respectively:
where i corr and i corr/inh are the corrosion current density values without and with 1,4-BT, respectively determined by extrapolation of cathodic Tafel lines to the corrosion potential. R P and R' P are the polarisation resistances with and without 1,4-BT, respectively. From these data, it is clear that the increase of 1,4-BT concentration shifted the values of E corr towards more cathodic potentials. Fig. 1 indicates that the cathodic current-potential curves give rise to Tafel lines, indicating that the hydrogen evolution reaction is activation controlled. In contrast, the anodic curves show that the inhibition mode of organic compound depends upon electrode potential. Indeed, for an overvoltage higher than -250 mV sce , the presence of 1,4-BT does not change the current-potential characteristics which means that the significant steel dissolution dominates the adsorption of the inhibiting film. Therefore, in the vicinity of E corr and below -250 mV sce to more cathodic potentials, the increase of 1,4-BT concentration leads to a decrease in the current-density. Thus 1,4-BT acts as mixed inhibitor. In this case, the adsorption rate of 1,4-BT remains higher than its desorption rate. The inhibitor influences then the anodic reaction at potentials more negative than -250 mV sce . This phenomenon may be due to the desorption of 1,4-BT on the electrode [32, 33] . For potentials more than -250 mV sce , both the anodic and cathodic current densities were decreased, thus 1,4-BT suppressed both the anodic and cathodic reactions, although mainly the cathodic one. It can also be seen from the experimental results that 1,4-BT decreased i corr , and in contrast enhanced R P significantly at all the studies concentrations. % E P R and E I % are in good agreement and indicate the excellent effect of 1,4-BT as corrosion inhibitor of mild steel in 1 M HCl medium. It is to be noted that the Tafel slope in uninhibited medium is very compared to the theoretical value given in the literature [34] . The changed Tafel slopes ( c ) in the presence of 1,4-BT indicate that the inhibitor acted by merely blocking the reaction sites of the metal surface with changing the cathodic reaction mechanism of hydrogen discharge.
Results of EIS measurements
A better understanding of the mechanism taking place at the electrode surface was attained through EIS measurements. The EIS impedance was performed under potentiostatic conditions at E corr in the uninhibited and inhibited acidic solution containing various concentrations of 1,4-BT. Before each measurement, the electrode was left at the open circuit conditions during 30 min. The electrode system did not evolve significantly during the impedance measurements. The impedance diagrams obtained are characterized by a capacitive behaviour (Fig.  2) . A depressed semicircle, as often obtained in acidic media [4, 5, 11] can be seen. The difference from theoretical results is generally attributed to Cole-Cole [35, 36] and/or Cole-Davidson [37] representations inherent to frequency dispersion, generally attributed to the generation of microscopic roughness at the surface during the corrosion process [38, 39] . The existence of single semicircle relates the presence of single charge-transfer process, which is unaffected by the presence of 1,4-BT. According to a classical method, the EIS spectra of Fig. 2 will be interpreted in terms of parallel R t -C d circuit; i.e., one time constant τ t . The electrolyte resistance R s determined between reference and working electrodes can be obtained from the abscissa axis intercept of the semicircle at ∞ → f , R s = 1.5 Ω cm 2 in all solutions studied. Whereas R t is the charge-transfer resistance and C d the double layer capacitance. The charge-transfer resistance R t values are calculated from the difference in impedance at lower and higher frequencies, i.e. the diameter of the semicircle. In first approximation, C d and the frequency f max at which the imaginary component of the impedance is maximal ( " max Z − ) are found as represented in equation 4:
It may be assumed, as an approximation that, either (R t ) -1 [40] or (C d ) -1 [41] parameters are directly related with the corrosion rate. The inhibiting efficiency got from the charge-transfer resistance is calculated as follow, eq. (5):
where R t and R t/inh are the charge-transfer resistance values without and with inhibitor, respectively. It can be expected that the R t values increase with 1,4-BT concentrations and consequently the inhibition efficiency increases. This indicates that the chargetransfer process mainly controls the corrosion of mild steel. The values of double layer capacitance are brought down to the maximum extend in the presence of 1,4-BT and the decrease of C d follows the order similar to that obtained for i corr in this study. This result is in favour of selectively adsorption of 1,4-BT in specific places [42] and/or formation of complex onto the metal surface [4] . According to this inhibition mechanism 1,4-BT could be adsorbed at active points, thus causing the corrosion rate to drop. The values of % E t R obtained from EIS measurements agree with those deducted from polarisation and gravimetric methods. Fig. 3 presents the effect of immersion time on the impedance spectra at the corrosion potential. The inhibitor concentration was set at 5 × 10 −3 M. The shape of these diagrams is very similar to that obtained when varying the inhibitor concentration. The effect of increasing immersion time on impedance spectra is characterised by the increasing size of the loop observed, reaching a maximum after 8 hours, then it seems to be fairly constant afterward. The charge-transfer resistance at 5 × 10 -3 M of 1,4-BT and 293 K (determined at the low frequency limit of the impedance spectrum) changes from 440 Ω cm 2 after 0.5 h to ca. 500 Ω cm 2 after 8 h immersion. At the same time, the capacitance values remain almost the same, ca. 6 µF cm −2 in the presence of 1,4-BT. These results demonstrate that the formation of surface film, and therefore the inhibitor adsorption, on the electrode surface is reinforced with immersion time and is relatively fast and completed within 8 h [14] . 
Influence of immersion period
Effect of temperature
We considered worthwhile to study the effect of temperature as it can modify the interaction between the mild steel electrode and the acidic medium in the presence and the absence of 1,4-BT. The interest in exploring the activation energy of the corrosion process and the thermodynamics of 1,4-BT adsorption was made by investigating the temperature dependence of the corrosion current densities using Tafel extrapolation method. Polarisation curves for mild steel in 1 M HCl without and with 5 × 10 -3 mol L -1 of 1,4-BT in the temperature range 293-333 K are shown in Fig. 4 . The corresponding data are given in Table 4 . In the studied temperature range, the corrosion potential (E corr ) and the Tafel slope (β c ) are slightly modified in both uninhibited and inhibited media. The corrosion current density increases with the rise of temperature in both solutions and markedly pronounced in the absence of 1,4-BT. The values of inhibition efficiency remain nearly the same even at high temperature. These results confirm that 1,4-BT acts as an efficient inhibitor in the range temperature from 293 to 333 K. The corrosion reaction can be regarded as an Arrhenius type process, the rate of which is given by equation (6) M of 1,4-BT. Straight lines are obtained with a slope of (-E a /R). Fig. 6 shows the plot of Ln (i corr /T) against 1/T. Straight lines are obtained with a slope of (-∆H*/R) and an intercept of (Ln k B /h + ∆S*/R), which give the values of ∆H* and ∆S*. Table 5 collects the values of activation parameters (E a , ∆H* and ∆S*) for mild steel in the corrosive medium with and without addition of 5 × 10 -3 of 1,4-BT. Activation energy value obtained in the presence of 1,4-BT is ca. the double compared to that obtained from the inhibitor free 1 M HCl medium. Generally, the inhibitive additive causes rise in E a value when compared to the blank and this could often be interpreted as an indication for the formation of an adsorptive film by a physical (electrostatic) mechanism [45] or chemisorption [46] . This high activation energy value supports the low value of i corr deduced from the polarisation measurements and indicates the higher protective efficiency of 1,4-BT. In the same way, the pre-exponential factor A like E a increases in the presence of 1,4-BT as reported by [47] .
The positive values of ∆H* mean that the dissolution reaction is an endothermic process and that the dissolution of steel is difficult [48] . Practically E a and ∆H* are of the same order. This result enabled us to check the thermodynamic relation of Gomma and Wahdan [49] between E a and ∆H* as shown in eq. (8):
The calculated value of the difference is 2.6 kJ mol -1 in the two solutions which is close to the experimental value of RT, ca. 2.56 kJ mol -1 at 308 K. Also the entropy ∆S* increases negatively in the presence of 1,4-BT than the noninhibited one. This reflects the formation of an ordered stable layer of 1,4-BT onto the mild steel surface electrode [50] . The decrease of ∆S* in inhibited medium implies that the activation of 1,4-BT in the rate-determining step represents a dissociation rather than an association step, meaning that a decrease in disordering takes place on moving from reactants to activated complex [51] .
Adsorption isotherm
The adsorption isotherm provides useful insights into the mechanism of corrosion inhibition. The surface coverage, θ, given in Table 2 G also suggest the strong interaction of 1,4-BT molecule onto the metal surface [54] . Then 1,4-BT inhibitor acts via chemisorption. Besides, this kind of isotherm which is generally regarded to indicate chemisorption [55] , involves the assumption of no interaction between the adsorbed species on the electrode surface [56] . 
Conclusion
The following main conclusions are drawn from the present study: * 1-(3-methyl-4H-1,4-benzothiazin-2-yl)ethanone (1,4-BT) was obtained by a facile synthesis via a new mechanism. * The results obtained showed the effectiveness of the investigated 1,4-BT molecule as an efficient inhibitor of mild steel in 1 M HCl. * The inhibiting efficiency increases with concentration and remains as high as 98% even at high temperatures. * 1,4-BT inhibitor acts as a mixed inhibitor. * From all measurements carried out, the variation of inhibitive performance versus concentration shows the same trend. * 1,4-BT adsorbs on the mild steel surface in 1 M HCl according to the Langmuir adsorption isotherm. The adsorption is spontaneous.
